Traumatic Brain Injury from Clinic to Pre-clinical Rodent Models
Traumatic brain injury (TBI) is a significant public health issue with 53,000 deaths each year in the USA [2] . Overall, improvement of personal protection in motor vehicle accidents was associated with a decrease in the TBI-related deaths between 1980 and 2007 [2, 3] . Gender and age also impact TBI death rates, with three times more deaths in male versus female and juvenile and elderly populations compared to adult [2, 3] . Clinically, TBI is divided into severe, moderate, and mild categories. Mild TBI is defined by a loss of consciousness of short duration, and the absence of skull fracture and modification in classical neuroimaging, CT scan, and diffusion magnetic resonance imaging (MRI). In addition to the mortality rate associated with TBI, it is also important to consider the resultant long-term cognitive morbidity and its major impact on everyday life in those patients that survive. Moreover, the number of the patients suffering from mild TBI is very likely underestimated because most of the time these patients are seen in the outpatient setting rather than the emergency department and are then not included in TBI patient statistics [3] . Unfortunately, most mild TBI patients also suffer with long-term disabilities similarly to those with more severe TBI [4] . Clinical observations of these long-term changes strongly suggest that TBI is not only an acute event but is also a complex brain disease, sharing features of other brain pathophysiologies such as Alzheimer's disease (AD) [5] [6] [7] . In fact, while gross motor skills generally improve with time, cognitive deficits may linger and further deteriorate. For example, 3 months after mild TBI, 17 % of children show cognitive and neurobehavioral problems [8, 9] and 30 % of adults perform poorly on memory tasks and report ongoing memory and concentration difficulties in daily activities [10] with many neurobehavioral problems persisting for 6-12 months [11] . Interestingly, the profile of mild TBI in children, aged 8-17 years at injury, includes problems with memory, psychomotor skills, speed, and language throughout a 12-month follow-up period [12] . Clinical studies have also shown that early life TBI can be a major cause of death and disability [13, 14] and lasting cognitive problems can increase mortality risk into the second and third decades if injury occurred any time prior to age 40 [15] [16] [17] . Repeated TBI is now established as a risk factor for dementia with multiple underlying neurodegenerative processes and changes in cerebral blood flow, as is common for sports-related activities like football and boxing [6, [18] [19] [20] [21] [22] . However, long-term consequences of a single TBI are less known, and they depend on the intensity, the location, the age, and other factors. Clinical observations suggest that diminished cognitive reserve from a single TBI may lead to premature aging and neurodegeneration [23] [24] [25] , which may be related to widespread volume loss in frontal and temporal areas seen on MRI 1 year later [26] .
Clearly, survivors of TBI endure lifelong consequences, and they warrant close attention from the medical and scientific community. To better understand the underlying mechanisms of TBI, it is important to consider that the brain is not only composed of neurons but a very complex network of neurons, glial cells (e.g., astrocytes), and cerebral blood vessels (endothelium, smooth muscle layer and perivascular matrix) as part of a physiological entity. In fact, cerebrovascular dysfunction is clinically observed with a decrease in cerebral blood flow, glucose consumption, and oxygen extraction [27] . These changes in metabolism are related to both mitochondrial dysfunction and changes in vascular properties [27] . However, the complex array of long-term physical and behavioral effects, and their underlying mechanisms after TBI are poorly understood. This review describes the sometimes dramatic changes that can occur in the cerebrovascular compartment after TBI, changes that may also be linked to neurodegenerative disease and AD.
Definition of Vascular Neuronal Network: From Capillary to Large Cerebral Blood Vessels
The neurovascular unit (NVU) was originally defined as a physiological unit composed of the vascular bed, astrocytes and neurons [28] . Over time, this definition changed to a physiological unit formed by endothelium, astrocytes, and neurons, leaving out certain components of the vascular bed such as smooth muscle. However, neither definition includes the entire vascular tree. Recently, Zhang et al. [1] proposed to revise the physiological unit by including both the downstream venous vasculature and upstream arteries (Fig. 1 ). This expanded NVU includes smooth muscle and perivascular nerves [1] and was named the vascular neural network (VNN) [1] . The VNN has been proposed as a new physiological unit to consider in stroke disorders [1] . As we will illustrate in the following sections, TBI also causes several modifications to the VNN. As proposed in Zhang et al. 2012 [1] , the consequences of changes in vascular smooth muscle, arterial endothelium, and perivascular nerve fibers are understudied in the vascular injury following TBI. Here, we propose that long-term phenotypic transformation in the VNN could be in part responsible for the cognitive dysfunction after TBI. We will first review the cerebral vasculature system, which presents with regional differences and specializations.
General Anatomy of the Cerebral Vasculature
The brain vascular system is divided in two categories of blood vessels: extraparenchymal and intraparenchymal cerebral blood vessels. Extraparenchymal vessels include the main feeding arteries (i.e., basilar, middle cerebral arteries), pial blood vessels, and penetrating blood vessels. The penetrating arteries enter the brain parenchyma within the Virchow Robin space, which is filled with cerebrospinal fluid (CSF) [29] . Extraparenchymal artery tone, including penetrating arteries, is under the influence of perivascular nerves, which run along the smooth muscle layer [29] . Intraparenchymal blood vessels start where the Virchow Robin space disappears. Intraparenchymal arteriole tone is under the control of astrocytes and some specific neurons [29, 30] . It is interesting to note that perivascular nerves also have trophic roles in the smooth muscle layer [29] . The proximity of the astrocyte layer to the penetrating blood vessels and microcirculation raises the question of the influence of this layer on the physiological properties of the brain vasculature. All cerebral blood vessels are unique by the presence of a barrier blood and brain compartment located in the endothelium.
Endothelium and Blood-Brain Barrier
One of the common features in the cerebral vasculature system is the presence of a blood-brain barrier (BBB) at the level of the endothelial cells independent of the size of the blood vessels (extra-and intraparenchymal blood vessels). At the level of endothelial cells, the BBB is subdivided into three main features [31] : The "physical barrier" of the BBB is formed by junctional complexes between endothelial cells of cerebral blood vessels that prevent paracellular diffusion, forcing most substances across the endothelial barrier in order to enter or exit the brain. The junctional complexes between endothelial cells are of two types: adherens junctions (i.e., platelet-endothelial cell adhesion molecule and vascular endothelial-cadherin) and tight junctions [composed of claudins, occludins, and zona occludens (ZO) proteins including ZO1, ZO2, and ZO3]. The "transport barrier" of the BBB is composed of specific transport proteins located on the luminal and abluminal membranes of endothelial cells that allow for the control of nutrients, ions, and toxins to cross the endothelial layer between the bloodstream and brain [31, 32] . There are several transporters that are critical for the delivery of nutrients across the BBB such as glucose transporter 1 (GLUT 1), monocaroxylate transporter 1 and 2 (MCT1, MCT2), and L-system neutral amino acid transporter 1 (LAT 1). ATP binding protein (ABC) family transports a wide range of lipid-soluble compounds out of the brain endothelium with consumption of ATP. In the BBB, examples of ABC transporters for efflux transport are P-glycoprotein (P-gp), multidrug resistance-associated protein, and breast cancer resistance protein [32] . These efflux transporters are proposed as "gatekeepers" of the brain, keeping tight control over substances allowed to enter the CNS through the endothelial cell barrier. In addition to these transporters, trancytosis is a mechanism observed in brain endothelial cells to facilitate the passage of large proteins and peptides across the BBB. This mechanism is either receptor mediated (receptormediated transcytosis) or occurs via adsorption (adsorptivemediated transcytosis). Examples of substances that cross the BBB by these mechanisms include insulin for the former and albumin for the latter. The "metabolic barrier" of the BBB is a combination of intra-and extracellular enzymes such as P450 and monoamine oxidase. The enzymes inactivate molecules capable of penetrating cerebral endothelial cells. The BBB is a dynamic structure, which evolves throughout an individual's life. Proteins involved in tight junction formation are observed at 14 weeks in human fetal brain capillaries, thus limiting the movement of macromolecules during early brain development [32] . Then, the BBB continues to mature after birth. For example, P-gp expression increases in luminal endothelial cell membranes from postnatal day (P)7 and reaches a plateau by P28 in rat brain [32] . With aging and neurodegenerative disease, multiple structural changes occur including decreased P-gp and low-density lipoprotein-related protein 1 [33, 34] . Despite the presence of the BBB in all cerebral blood vessels, there are variations in the expression of the proteins in the endothelial cells. While phenotypic endothelial heterogeneity is known in peripheral organs, it has been underexplored in the brain. Few studies have evaluated the rate of transcytosis or the organization of junctional complexes and the expression of some enzymes such as Na + /K + ATPase differ among arterioles, capillaries, and venules [35] . On a similar note, it has been reported that some transporters, such as P-gp, are also differentially expressed in large vessels as compared with capillaries [36] [37] [38] [39] . In fact, P-gp expression gradually increases in rat brain vasculature from a low level in the largest arterioles (20-50 μm) to a high level in capillary beds and venules [39] . In addition to variation along the vasculature, there are regional differences in the level of transporters in capillary beds that could depend on brain synaptic activity. For example, a low level of GLUT1 is observed in the paraventricular and supraoptic hypothalamic nuclei compared to cortex positively correlating with energy demand [40] . After brain injuries, it is likely that the endothelium will react differently along the vascular tree (artery, capillary, and vein) as well as between brain regions depending on the phenotype of the initial injury.
Cerebrovascular Matrix
Another component of the VNN is the cerebrovascular matrix. It is chiefly composed of collagen IV, laminin, entactin/ nidogen, fibronectin, vitronectin, and the heparan sulfate proteoglycans perlecan and agrin. These substances help regulate homo-and heterotypic cell signaling via interactions with cell receptors such as integrins [41, 42] . During development, the matrix, which accounts for 40 % of developing brain volume [43] , organizes the extracellular space for optimal cellular functions including cellular migration, morphogenesis, and in neurons, synapse formation, synaptic stability, and proper cell signaling [44] . Early during brain development, fibronectin is very prominent and supports new blood vessel formation (angiogenesis), but then is less widely expressed in favor of laminin in the adult brain [45] . At the level of capillaries and postcapillary venules, the matrix layers into two distinct cellassociated basement membranes (BMs), a parenchymal glial limitans formed by astrocytes, composed mostly of laminin 1 and 2, and a vascular wall endothelial BM [46] . The glial limitans normally "limits" leukocyte infiltration into the parenchyma of the brain and collectively these two membranes support barrier function.
Matrix remodeling can occur via a number of proteases including the zinc-and calcium-dependent matrix metalloproteinases (MMP). MMPs are produced and secreted in zymogen form and must then be activated by other MMPs (typically by MMP-2 or MMP-3). Likewise, their activity is also regulated by tissue inhibitors of MMPs. Some MMPs, such as MMP-2, are constitutively expressed, thereby providing "on the fly" remodeling, while others are activated after injury as part of the neuroinflammatory response, including MMP-3 and MMP-9. In addition to processing the matrix, MMPs appear to have other important roles in activating cells. For example, stressed and dying neurons release MMP-3, which in turn leads to microglial activation and production of proinflammatory cytokines [47] . Furthermore, different cell types produce different MMPs. Astrocytes produce MMP-9 and MMP-2, the latter at their endfeet, while endothelial cells produce MMP-9, pericytes produce MMP-3 and MMP-9, smooth muscle cells produce MMP-1, and microglia also produce MMP-1 as well as MMP-7 and MMP-9. After brain injury, infiltrating leukocytes are a major source of MMPs.
Smooth Muscle in Brain Vessels
The cerebral blood vessels (extra-and intraparenchymal types) contain a smooth muscle layer in their vascular wall (Fig. 1) . The cortical arterioles (ranging from 10 to 20 μm) contain one to three layers of smooth muscle cells (SMCs) (Fig. 1 ) [48] and can be stained and visualized with alpha smooth muscle actin (αSMA) (Fig. 1) [49] . Vascular SMC are already specialized during development contributing to vascular tone and regulation of blood vessel diameter, blood pressure, and blood flow distribution [50] . Additionally, SMCs and SMC-like pericytes are essential for appropriate vascular maturation and formation of functioning vascular networks during embryogenesis [51] . During vascular development, SMCs and pericytes also contribute to secretion of extracellular matrix molecules like collagen, important in the mechanical properties of mature blood vessels [52, 53] . Once SMCs are differentiated in adult blood vessels, those cells proliferate at an extremely low rate, show low synthetic activity, and express a repertoire of contractile proteins, ion channels, and signaling molecules required for the cell's contractile function ( [54] , Somlyo, 2003 #2813). In addition to the αSMA, the contractile functions of SMCs are associated with smooth muscle-myosin heavy chain (SM-MHC), smoothelin-A/B, and SM-calponin [55] . Contractile SMCs are elongated, spindle-shaped cells, and form a contractile apparatus with filaments composed of the proteins described previously [55] . In the adult vasculature, a small number of synthetic SMCs are present, which are less elongated and have a cobblestone morphology [55] . Synthetic SMCs contain a high number of organelles involved in protein synthesis and exhibit higher growth rates and higher migratory activity than contractile SMCs. Smemb/nonmuscle MHC isoform-B and cellular retinol binding protein 1 are good markers for synthetic SMC. They are upregulated when MHC is decreased in the proliferating SMCs [55] . Both subtypes coexist in the vascular wall, but the ratio of synthetic and contractile SMCs changes as a function of differences in the vascular environment depending of the physiological situations. In fact, SMCs within adults preserve high plasticity and can undergo changes in phenotype and vascular remodeling in response to vascular injury or disease [54] . This process is highly studied in the periphery and is starting to gain attention in brain injuries and diseases [1, 56] . However, little is known about the large feeding cerebral arteries, but to the best of our knowledge, there is no such study showing phenotypic changes in the smooth muscle layer of the pial and penetrating blood vessels after traumatic brain injury. The possible changes and the potential consequences of these changes on long-term blood-brain perfusion will be discussed next.
Early Changes in VNN After TBI
TBI is characterized by a primary injury resulting from a direct or indirect biomechanical force on the brain, which is associated with a complex cascade of secondary events. The secondary injuries include various changes in cerebral blood flow (CBF), hypo-metabolism, increased intracranial pressure, edema formation, and inflammation [57] [58] [59] [60] . Similar vascular changes were observed in mild repetitive TBI [19] . These secondary cerebrovascular injuries in TBI, as we will next discuss in greater detail, share some molecular mechanisms with stroke.
Acute Changes in the CBF After TBI The cerebral vasculature is in the first lines affected after TBI, with significant changes in CBF, either decreased or increased ischemic or oligemic levels depending on injury severity, and on the time and anatomical location of the CBF measurement [19, 61] . Clinical and experimental data indicate that the most profound reductions in CBF are found in and around contusion injuries. On the other hand, diffuse injuries result in very low reductions or even increases in blood flow, at least at initial time points following TBI [60, [62] [63] [64] [65] [66] . TBI induces vasospasm in the large feeding blood vessels between 3 and 7 days postinjury in patients who have suffered blast traumatic brain injury such as military personnel wounded in Afghanistan and Iraq [67] . Cerebral vasospasm is characterized by chronic vascular hypercontraction of large pial blood vessels, which is followed by cell proliferation, extracellular matrix remodeling, and arterial occlusion [67] . Moreover, impairment in cerebral autoregulation properties in adults [68] and in the pediatric population [69] [70] [71] with young age is a significant predictor of CBF dysfunction [72] . In the pediatric population, this impaired cerebral autoregulation is further associated with overall poor outcome [69, 73, 74] , which is confirmed by studies in juvenile animal models such as fluid percussion injury (FPI) in piglets [75] .
In a cortical contusion model, decreased CBF was characterized by a lack of perfusion in the core within minutes of injury [60, 64] , indicating that high reduction in CBF close to the impact site often reaches an ischemic threshold. Alternatively, other models showed a widespread reduction in CBF involving the entire brain, without reaching ischemic values in most cases, and with recovery over time [64] . Alterations in CBF may contribute to and be exacerbated by secondary injury, as decreased blood supply is associated with reduced energy metabolism in the brain tissue of several TBI models [76] [77] [78] . During the first week after TBI, glucose metabolism is likewise impaired in adults and juveniles both in the clinic and laboratory models. For example, poor neurological outcome was associated with increased lactate, measured by proton spectroscopy, in infants and children 6 and 9 days after closed head injury [76, 79] . In juvenile rats, a time course of brain metabolites also revealed global increases in lactate (in both ipsi and contralateral hemispheres to the injury) at 4 h until 24 h after TBI [78] . Increased lactate likely results from increased glycolysis, a consequence of the decreased CBF described above. Altogether, these data show that TBIinduced changes in VNN properties can lead to widespread functional damage with visible consequences on tissue integrity.
Vascular Modifications: SMC First in Line
Some of the cellular and molecular changes within the VNN for TBI-related changes to CBF and dysfunctional autoregulation are reviewed in this section. Some of the possibilities are alterations in endothelin-1, decreased nitric oxide (NO) levels, cyclic guanosine monophosphate, and cyclic adenosine monophosphate as well as changes in K + channel activation. Modifications in the level of expression of these molecules can affect cerebrovascular tone and therefore the cerebral autoregulatory capacity [75, 80] .
As indicated before, NO signaling has been shown to be involved in the regulation of cerebrovascular tone [29] . Although NO changes in TBI have been studied for several years, its role is still controversial. In fact, the activity of endothelial NOS (eNOS) exhibits a bimodal change after TBI with an initial brief increase for a few minutes followed by a decrease to ∼50 % of baseline levels for 7 days before normalizing [81, 82] . These decreases of constitutive NOS activity may contribute to altered CBF and cerebral autoregulation, in combination with some changes in properties of the VNN such as changes in the contractility of the SMCs. Administration of an NO donor like sodium nitroprusside prevents the reduction of CBF, but does not reverse autoregulatory impairment after FPI in the juvenile piglet model [83] . The complexity of the role of NO in TBI pathophysiology is illustrated in the variety of the observed changes, with some researchers observing decreased eNOS activity [81, 82] , while other groups observing an increase in eNOS and iNOS expression at 2 and 3 days postinjury in a rodent TBI model [84] . This increase in the eNOS and iNOS was related to peroxynitrite-mediated oxidative damage post-TBI [84] . The presence of eNOS post-TBI was related to the preservation of the CBF in the rodent model of TBI using the eNOS−/− knockout mice [85] . As mentioned previously, inducible NOS (iNOS) expression and activity increases in neurons, macrophages, neutrophils, astrocytes, and oligodendrocytes, reaching peak levels between 4 and 48 h after injury [82, [86] [87] [88] . Unfortunately, upregulation of iNOS results in a harmful increase in tissue NO [82] , well known to contribute to neuroinflammation, apoptosis, excitotoxicity, energy depletion, and uncoupling of NOS with subsequent production of reactive oxygen species [89] [90] [91] . It is likely that this increase in NO is also very harmful to the SMC, endothelial cells, and matrix. In fact, some recent work using caveolin-1 −/− knockout mice in stroke models showed that the involvement of the formation of the NO from eNOS is responsible for increased MMP involved in degradation of the matrix and disruption of the BBB [92] . In addition to NO signaling, endothelin-1 is also involved and contributes to changes in the pericyte-SMC, with a decrease in αSMA during the first hours after TBI [93] . Similar observations have been made in in vitro models of SMC exposed to blast injury showing a smoothelin mRNA decrease and absence of SM-MHC in relation to vascular dysfunction after blast-TBI [67] . Additional molecular changes have been observed in other proteins such as calponin (Cp) in rodent TBI models [94] . Cp expression in the SMC is significantly increased during the first 48 h in association with the enhanced vasoreactivity. This modification is under the control of the endothelin pathway [94] . Inhibition of Cp phosphorylation mitigates changes in vasoreactivity post-TBI and is associated with improved CBF [94] . Other mechanisms associated with the immediate decrease in pericontusional blood flow post-TBI have been proposed. Decreased CBF is not caused by arteriolar vasoconstriction, but rather by injury-induced formation of microthrombi in 33 % of arterioles and by rolling leukocytes and platelet activation in 70 % of venules [95] . As mentioned earlier, cerebral vasospasm is possibly associated with extracellular blood with effects on perivascular nerve fibers or extracellular matrix remodeling during the first week post-TBI, which contributes to dysfunctional brain perfusion.
Changes in Perivascular Nerve Fibers Following TBI
In feeding arteries, cerebrovascular dysfunction could also be associated with changes in the autonomic system. As discussed above, the perivascular nerve plexus is part of the neurogenic regulation of the vascular tone of the pial and large feeding arteries. Several studies have shown that the cerebrovascular response to several vasoactive substances is impaired after TBI [19, 96, 97] . In addition to the changes observed in SMC properties, the perivascular nerve bundle also shows significant changes during the first week after TBI in various vascular beds including the internal carotid, vertebral arteries, basilar artery, and middle cerebral artery [98] . The authors describe a decrease in the number of perivascular plexus nerve fibers peaking at 24 h after injury, with some vascular beds experiencing a decrease in perivascular plexus nerve fibers up to 7 days postinjury [98] . This modification of the perivascular nerve bundle could be attributed to the presence of subarachnoid blood [99] . In fact, the direct contact of blood is known to cause the disappearance of nerve fiber labeling usually around 3 days after subarachnoid hemorrhage onset [99] . It is associated with a decrease in the concentration of not only vasoactive substances like acetylcholine and VIP but also peptides like substance P and CGRP. The direct consequence is absence of neurogenic control of vascular tone. Ueda and collaborators [98] showed some sort of recovery of the perivascular nerve bundle, but additional studies may be needed to determine whether the fibers ultimately recover all of their functions to insure correct blood perfusion.
Changes in the Matrix Following TBI
After TBI, the extracellular matrix can be impacted by the upregulation of several MMPs. After experimental contusion to the adult mouse brain, MMP-9 rapidly increases (3 h after injury), peaks after 24 h, and remains elevated for at least 1 week [100] . MMP-2 is also acutely elevated in rodent TBI [101] . In turn, MMP-3 activity is increased more chronically after TBI in rats and may play a role in synapse restoration [101] . In the immature P7 rat brain after TBI, MMP-2 and MMP-9 levels are elevated at the site of injury [102] . In human TBI, relatively less is known about MMP expression. A very recent prospective study of eight severe TBI human patients using cerebral microdialysis and CSF analysis demonstrated significant increases in several MMPs [103] . In particular, MMP-8 and MMP-9 increased very rapidly after severe TBI but then declined by 48 h, only to be followed by spikes in MMP-2 and MMP-3, followed by a gradual increase in MMP-7. Similar elevations in MMPs have also been seen in patient serum after TBI and may therefore ultimately serve as a biomarker for TBI onset and severity [104] .
Early Dysfunction in the Endothelial Cells TBI's effect on the endothelium and its barrier differs depending on the injury model, age at injury, and severity of impact. As described previously, the effects of TBI on barrier properties have mostly been studied during early time points after injury. These BBB changes can range from complete rupture and leakage to simply an altered biochemical and/or functional profile. Thus, although the BBB is often referred to as "open" or "closed," these terms may have a misleading connotation, as all brain barriers are dynamic structures made up of and regulated by various proteins.
Experimental TBI models report disruption of the tight junctions. Interestingly, in some models, the tight junction disruption is not observed by electron microscopy during the first hours after TBI [48] . Most of the time the "opening" of the BBB is visualized with stains like Evans blue or anti-IgG staining. It is thought that TBI induction of BBB "opening" occurs within the first day after injury and contributes to vasogenic edema formation [105] . In a controlled cortical impact (CCI) juvenile (P17) TBI model, IgG extravasation levels are high near the injury site and surrounding tissue at 1 and 3 days, and are substantially lower at 7 days [4] . In addition to these measures of "BBB permeability," some studies report continued alteration in tight junction proteins, such as claudin 5. At multiple time points postinjury, BBB dynamics often coincide very well with the expression levels of tight junction markers. In the short term after injury, pial and intracerebral vessels have decreased claudin 5, as evidenced at 2 days after cortical cold injury in rats [106] . A CCI study has looked at monocarboxylate transporters (MCTs), which are expressed on membranes of endothelial cells, neurons, microglia, and astrocytes [107] . MCTs in brain lysates increased in the first week post-CCI in young adult rats at P35 and P75 [108] . In a comparable study, only young rats had improvements in behavior and preserved cortical tissue after a 1-week postinjury ketogenic diet, which increased MCT levels [109] .
In summary, there is a wide range of changes in early time points after TBI in the brain vasculature at the level of the endothelium, matrix, and SMC. All these changes strongly suggest that TBI is also a cerebrovascular injury with major dysfunctions in VNN early on after the primary impact. Numerous studies have so far focused on neuronal cell death and long-term recovery after TBI. However, comparatively little is known about the long lasting changes in the brain vasculature and their potential consequences for functional outcome.
VNN Dysfunction at Long-Term Post-TBI: Possible Association with Cognitive Dysfunctions
CBF changes are observed over weeks and months after traumatic brain injuries with impact on glucose and oxygen extraction [98, 110, 111] . Despite the difficulty in directly linking vascular dysfunction to behavioral outcome [110] , the cellular and molecular mechanisms behind these changes in TBI are understudied and not well known. We believe additional studies will be needed to have a better view of the link between brain cerebral blood vessels and functional outcomes after TBI. It is also critical to address whether these changes affect behavioral outcome for months and years after the initial impact. BBB dysfunction has been proposed to play a role in AD, Parkinson disease, multiple sclerosis, stroke, epilepsy, tumors, as well as HIV infection and psychiatric disorders [112, 113] . As we discussed previously, TBI induces vascular dysfunction and possibly chronic vascular disease. In the periphery, SMC phenotypic switching is observed in vascular disease and contributes to its development and/or progression. Unfortunately, comparable research endeavors are scarce in TBI, especially when a single injury occurs.
Endothelial Changes: Clues for Long-Term Phenotypic Transformation of VNN TBI induces altered endothelial cell properties at the structural level early on after injury onset. For a long time, the opening of the BBB was considered a transient event that normalized within 1 week, as we observed in our rodent TBI model [4] . However, the BBB remains open as late as 30 days after the insult in a stroke model [114] , suggesting long lasting changes of the endothelium properties. In a juvenile TBI (jTBI) model, IgG is not detected near the injury site and staining is only observed in the regions without a barrier, such as the median eminence at 2 months postinjury [115] . In addition to these measures of "BBB permeability," changes in claudin 5 expression are observed several weeks after BBB opening resolved. In fact, claudin 5 is upregulated up to 2 weeks postinjury after sustained epidural compression of rat somatosensory cortex [116] . In a jTBI model, claudin 5 expression in the main penetrating blood vessels is significantly increased at 2 months postinjury, suggesting some compensatory mechanisms and phenotypic transformation of the endothelial cells. In parallel to increased claudin 5, P-gp is significantly downregulated in the endothelium in several cortical regions associated with aberrant protein accumulation [i.e., beta-amyloid (Aβ)] and memory dysfunction [115] (Fig. 2) . While P-gp is well known as an efficient gatekeeper on the luminal side and is often pharmaceutically by-passed to allow efficient drug delivery, its expression is influenced via several distinct molecular pathways and its putative role in disease and posttrauma is just emerging [115] . P-gp is decreased on endothelial cells in aged human and AD brains as well as in aging rodents [33, 34] . In addition, P-gp knock-out models have increased amyloid beta (Aβ) deposition after injection of Aβ in the brain [117] , suggesting P-gp as a key player in the clearance of Aβ and other toxic substances from the brain parenchyma. Furthermore, some studies in the AD field propose that sporadic Aβ accumulation within the brain depends largely on the effectiveness of its clearance through the BBB [118, 119] . Collectively, these observations suggest that BBB integrity represents a complex and dynamic pattern that merits attention at many stages after TBI.
The caveolin protein family takes part in caveolae formation, which is known to function in endocytosis, transcytosis, and exocytosis in endothelial cells [120, 121] . Caveolin-1 (cav-1), one of 3 isoforms, is present in brain endothelial cells [36, 122] . Cav-1 also serves to modulate the activities of a wide variety of signaling molecules, including inhibition of endothelial nitric oxide synthase (eNOS) [123] [124] [125] . Its expression is increased in the endothelium during the first week after brain cold injury [106, 126] . In support of the phenotypic transformation of the endothelium after jTBI, we observed an increase in cav-1 staining in brain cortical blood vessels at 2 months postinjury (Fig. 2) . This observation also suggests that cav-1 could play a role in changes of claudin 5 and P-gp expression that occur after TBI. Interestingly, cav-1 was associated with stabilization of claudin 5 within the caveolae [127] and a decrease in P-gp activity [128] . These results support the idea of phenotypic transformation of the endothelial cells up to 2 months after TBI, and they possibly contribute to some of the cognitive dysfunction reported in clinical studies. Along the same idea, long-term phenotypic changes in matrix and SMC are very likely happening after TBI.
Possible SMC Transformation at Long Term After TBI Vascular biology in the periphery clearly demonstrates that the high plasticity of the SMC for changing from the contractile to secretive phenotype is a critical process in vascular injury repair [50] . The changes in SMC phenotypes also depend on the environment and contribute to a multitude of human diseases such as arteriosclerosis [50] . In the carotid artery after hypoxia, SMC differentiate from contractile to secretive phenotype under a vascular endothelial growth factor (VEGF)-driven mechanism [56] . The SMC loses its contractile properties via a decrease in the MHC and increase in SMemb/ nonmuscle MHC [56] . VEGF levels change in TBI [129, 130] , but so do other growth factors and cytokines. SMC phenotypic modulation in the periphery is under the control of several molecular pathways that could be present after TBI like platelet-derived growth factor (PDGF) BB, PDGF DD, and interleukin-1β. All these molecular pathways can induce rapid downregulation of expression of multiple SMC differentiation marker genes, including those encoding SM α-actin, SM MHC, and calponin. A wide range of signaling pathways are involved in the responses to these agents including ERK, p38 mitogen-activated protein kinases, and Akt. Moreover, differentiation and proliferation are not mutually exclusive, and many factors other than SMC proliferation status influence the SMC differentiation state. Despite the paucity of knowledge of this process in the cerebral blood vessels after TBI, it is highly possible that the early changes in the VNN environment would induce long-term changes in the SMC phenotype, from contractile to secretive. The extra-and intraparechymal blood vessels become pathological with direct consequences on the blood flow, oxygen, and glucose extractions. Long-term dysfunction in the vascular tree is possibly involved in the cognitive dysfunction following TBI.
In this section, we reviewed some potential molecular mechanisms that might contribute to the vascular phenotypic changes. There are several open questions. How does inflammation contribute? Is there any change in the peripheral nerve innervation phenotype? How do these changes in VNN affect the behavior outcomes? All these questions require future investigation.
Summary, Significance, and Unanswered Questions
Originally, the VNN was defined as a new physiological unit for the consideration of stroke drug development. Based on considerable evidence in the literature, we propose that the VNN could also be a physiological unit to consider in the treatment of secondary injuries post-TBI. To date, few experimental TBI studies have focused on the timeline and/or pattern of changes in the VNN in association with behavioral outcomes [4, 110, 115] . We have raised several unanswered questions that we believe need to be addressed in future TBI studies (summarized in Table 1 ). The changes that occur immediately postinjury in the VNN are likely associated with long-term phenotypic transformation with consequences including impairment in blood-brain perfusion (Fig. 3) . We propose that a possible root cause of observed clinical patterns of long-term behavioral dysfunction from TBI could be abnormal SMCs, matrix, and BBB, where compromised cerebrovascular integrity persists over time and hinders full recovery. Our data and the literature outlined in this review support the idea that TBI may promote VNN dysfunction, which evolves over time. For example, in jTBI, protein trafficking/ clearance is affected with the decrease in P-gp, which could potentially contribute to long-term sequelae [115] . Further studies targeting the VNN are needed to address whether these changes in cerebral blood vessels are interconnected with behavioral outcomes, or whether they are parallel events occurring independently of one another in the same traumaaffected brain. On the other hand, treatments that restore VNN may contribute to preserved tissue and neuronal viability, leading to physiological improvement and restored cognitive function. 1 What are the long-term consequences of a single TBI and how are they impacted by the injury intensity, location, age and other factors? 2 What is the complex array of long-term physical and behavioral effects and their underlying mechanisms after TBI and how are these changes linked to neurodegenerative disease and Alzheimer's disease? 3 What phenotypic endothelial heterogeneity exists in the normal and pathological brain? 4 What changes occur in the smooth muscle cell layer of large feeding cerebral arteries in pial and penetrating blood vessels after traumatic brain injury?
5 What is the exact role of NO changes in TBI? 6 To what extent do perivascular nerve bundles functionally recover after TBI? Is there any phenotypic change at long-term after the brain injury? 7 How is MMP expression and activity affected in human TBI? 8 What are the long lasting changes (cellular and molecular) in the brain vasculature and their potential consequences for functional outcome after TBI? 9 Do potential changes in the brain vasculature after TBI affect long-term (months? years?) behavioral outcome after the initial impact? Fig. 3 The schematic illustration describes the evolution of injury after TBI. The acute phase (blue box) after the primary injury has been largely studied for vascular dysfunction: with hypoperfusion, hypometabolism, and blood-brain barrier dysfunction. These changes have a direct consequence on neuronal cell death. The consequences of TBI on neuronal survival have been well documented. The question addressed here is: How do cerebral blood vessels recover in the long-term after traumatic brain injury? Clinical reports have demonstrated brain perfusion dysfunction at long-term after TBI (orange box). In jTBI, several changes in endothelial proteins (P-gp, Cav-1, and claudin-5) have been observed up to 2 months post-TBI, suggesting a phenotypic transformation in the endothelium. Early vascular dysfunction (blue box ) is still ongoing for several months/years after the primary injury and contributes to decreased blood flow, metabolism, and pathological BBB. These cerebrovascular changes are possibly contributing to the absence of recovery in cognitive functions and some neurodegenerative processes observed in TBI patients
